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potential main r-process astrophysical sites
R 

Su
rm

a
n

N
ot

re
 D

a
m

e 
  

A
TL

A
S/

C
A

RI
BU

 1
2 

Ju
ly

 2
01

9

Nucleosynthesis from compact binary mergers 3
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Figure 1. Top panel: Evolution paths of NS-NS and NS-BH
mergers. Depending on the binary parameters and the proper-
ties of the nuclear equation of state, binary NS mergers can lead
to the formation of a stable NS, a transient hypermassive NS
(HMNS; stabilized by di↵erential rotation) and supermassive NS
(SMNS, stabilized by rigid rotation), or a BH plus accretion-torus
system. The last scenario is also the outcome of a NS-BH merger
if the BH/NS mass ratio is not too large. Transitions between
the di↵erent evolution stages can be accompanied by mass loss.
In the present work we focus exclusively on the evolution tracks
and stages highlighted by thick, solid red lines. Bottom panel:

Mass-loss phases during the dynamical interaction of NS-NS and
NS-BH binaries and the subsequent secular evolution of a relic
BH-torus system (corresponding to the evolution paths indicated
by red lines in the upper panel). The dynamical mass ejection
takes place within a few milliseconds when the two binary com-
ponents merge with each other. Typical ejecta masses are around
0.01M� and the average entopies of the ejecta are low. BH-torus
systems eject matter mainly in viscously driven outflows and to a
smaller extent also in neutrino-driven winds. Baryon-poor polar
funnels may provide suitable conditions for neutrino or magneto-
hydrodynamically powered, ultrarelativistic, collimated outflows,
which are likely to produce short gamma-ray bursts. The image
is adapted from Ru↵ert & Janka (1999); Janka & Ru↵ert (2002).

lier (magneto-)hydrodynamical simulations in 2D (Lee et al.
2005; Shibata et al. 2007; Shibata & Sekiguchi 2012; Janiuk
et al. 2013) and 3D (Ru↵ert & Janka 1999; Setiawan et al.
2004, 2006). In nucleosynthesis and light-curve calculations
of the expanding ejecta of compact binary mergers, however,
the contribution from the merger-remnant phase has so far
been included only highly schematically, either by apply-
ing simple multi-parameter prescriptions for neutrino-driven
wind conditions (Rosswog et al. 2014; Grossman et al. 2014)
or by making ad hoc assumptions about the composition of
the disk-wind ejecta (Barnes & Kasen 2013).

In this work we perform the first comprehensive study
of the nucleosynthetic output associated with the ejecta
from the merging phase of NS-NS and NS-BH binaries
and with the neutrino and viscously driven outflows of the
subsequent long-time evolution of relic BH-torus systems.
The compact binary mergers are simulated with a rela-
tivistic smooth-particle-hydrodynamics (SPH) code (Oech-
slin et al. 2007; Bauswein 2010), while the BH-torus mod-
eling is conducted with a Eulerian finite-volume Godunov-
type scheme, supplemented by a shear-viscosity treatment
with a Shakura-Sunyaev ↵-prescription for the dynamic vis-
cosity (Shakura & Sunyaev 1973). For the long-time evolu-
tion we employ a pseudo-Newtonian approximation of the
gravity potential for the rotating relic BHs (Artemova et al.
1996). In the time-dependent BH-torus modeling we apply,
for the first time, detailed energy-dependent and velocity-
dependent 2D neutrino transport based on a new two-
moment closure scheme (Just, Obergaulinger & Janka, in
preparation), which allows us to determine the neutrino-
driven wind and the neutron-to-proton ratio in the disk
outflows with higher accuracy than in previous simulations.
All simulations include microphysical treatments of the gas
equation of state.

Our nucleosynthesis calculations are carried out in a
post-processing step of the ejecta produced by the hydro-
dynamical models, using a full r-process network including
all relevant nuclear reactions (Goriely et al. 2008, 2010; Xu
et al. 2013). For the combined analysis we pick cases from
larger sets of NS-NS merger models, which lead to prompt
or slightly delayed BH formation, and NS-BH merger mod-
els on the one side and BH-torus models on the other side
such that the macroscopic system parameters (BH and torus
masses and BH spins of the merger remnants) match roughly
on both sides. This also yields good consistency of the mean
values of the total specific energies of the torus gas in both
modeling approaches.

We find that the torus outflows complement the dy-
namical merger ejecta by contributing the lower-mass r-
process nuclei (A <⇠ 140) that are massively underproduced
by the strong r-process taking place in the very neutron-rich
material expelled during the binary coalescence. The com-
bined abundance distribution can reproduce the solar pat-
tern amazingly closely, but in contrast to the robustness of
the high-mass number component (A >⇠ 140) the low-mass
number component must be expected to exhibit consider-
able variability, depending on the variations of the intrinsic
outflow properties. On the other hand, direction-dependent
di↵erences result from the combination of highly asymmetric
dynamical NS-BH merger ejecta with much more isotropi-
cally distributed torus outflows. Cases with suppressed dy-

c� 2014 RAS, MNRAS 000, 1–27

merger accretion 
disk outflows
e.g., Just+2015,
Surman+2008, Metzger+2010, 
Perego+2014, Wanajo+2014

prompt nsm ejecta
e.g., Korobkin+2012,
Lattimer+1973, 
Frieburghaus+1999, 
Goriely+2011, etc., etc.

Extended Data Figure 6: Schematic diagram comparing r-process enrichment through accre-
tion disk winds in neutron star mergers and collapsars. Although collapsars are somewhat
less frequent than mergers over cosmic time, their higher r-process yields (by a factor of ⇠ 40, if
calibrated using the energetics of long versus short GRB jets) make them an important and likely
dominant r-process site (Eq. (25)).

46

collapsars
e.g., Siegel+2018
Surman, McLaughlin 2005

MHD supernovae
e.g., Winteler+2012

2 Winteler et al.

2004). Some recent studies, which include the fact that
our Galaxy is possibly the result from smaller merg-
ing subsystems (with different star formation rates) have
been expected to show a way out of this dilemma. If
this cannot be solved, we need another strong r-process
source already at low metallicities, and possibly jets from
rotating core collapses with strong magnetic fields could
be the solution (Cameron 2003; Nishimura et al. 2006;
Fujimoto et al. 2008).
The present Letter has the aim to explore the results

from our 3D magnetohydrodynamic (MHD) calculations,
which lead to bipolar jet ejection. The following Sec-
tion 2 will discuss the initial models and the explosion
dynamics; Section 3 will present nucleosynthesis results.
Section 4 is devoted to a discussion of uncertainties and
an outlook on future investigations.

2. 3D MHD-CCSN MODEL

The calculation presented here was performed with the
computational setup similar to our previous investiga-
tions (Liebendörfer et al. 2005; Scheidegger et al. 2010).
The initially innermost (600 km)3 of the massive star are
covered by a 3D Cartesian domain uniformly discretized
by 6003 cells, resulting in a 1 km resolution, that is em-
bedded in a spherically symmetric domain encompassing
the iron core and parts of the silicon shell. The mag-
netic fluid is evolved with the FISH code (Käppeli et al.
2011), solving the ideal MHD equations. The spheri-
cally symmetric domain is evolved with the AGILE code
(Liebendörfer et al. 2002). The gravitational potential is
approximated by an effective axisymmetric mass distri-
bution that includes general relativistic monopole correc-
tions (Marek et al. 2006). We use the Lattimer & Swesty
(1991) EoS with nuclear compressibility 180 MeV. We
have included a Lagrangian component in the form of
tracer particles which are passively advected with the
flow. They record the thermodynamic conditions of a
particular fluid element and serve as input to the post-
processing nucleosynthesis calculations.
The transport of the electron neutrinos and anti-

neutrinos is approximated by a 3D spectral leak-
age scheme, based on previous gray leakage schemes
(Rosswog & Liebendörfer 2003, and references therein).
The neutrino energy is discretized with 12 geometri-
cally increasing energy groups spanning the range Eν =
3 − −200 MeV. The amount of energy and particles lo-
cally released is calculated for each bin as an interpola-
tion between the diffusive rates and the (free streaming)
production rates, depending on the local neutrino optical
depth. For the computation of the spectral optical depth
we have used a ray-by-ray axisymmetric approximation,
calculated on a polar grid encompassing the full 3D
Cartesian domain discretized uniformly with 1km radial
spacing and 30 angular rays covering the full [0,π] realm.
All fundamental neutrino reactions have been included
(neutrino scattering on nucleons and nuclei, neutrino ab-
sorption/emission on nucleons and nuclei), providing de-
tailed spectral emissivities and opacities (Bruenn 1985).
Inside the neutrinosphere, weak equilibrium is assumed
and trapped neutrinos are modeled accordingly; outside
of it, no explicit absorption is considered. Thus we can
only follow neutrino emission and the associated neu-
tronization of matter. However, the up to now micro-
physically most complete two-dimensional axisymmetric

Fig. 1.— 3D entropy contours spanning the coordinates planes
with magnetic field lines (white lines) of the MHD-CCSN simula-
tion ∼ 31 ms after bounce. The 3D domain size is 700×700×1400
km.

study of MHD-CCSN with multi-group flux-limited dif-
fusion neutrino transport performed by Burrows et al.
(2007) has shown, that neutrino heating contributes only
10%−−25% to the explosion energy and is therefore sub-
dominant. This justifies our pragmatic approach at first.
We employed the pre-collapse 15M⊙ model of

Heger et al. (2005). Although the model provides pro-
files for rotation and magnetic fields, we use an analytic
prescription for their distributions and we will comment
on this choice in Section 4. The initial rotation law was
assumed to be shellular with Ω(r) = Ω0R2

0/(r
2 + R2

0),
Ω0 = π s−1 and R0 = 1000 km corresponding to an
initial ratio of rotational energy to gravitational bind-
ing energy Trot/|W | = 7.63 × 10−3. For the magnetic
field we have assumed a homogeneous distribution of a
purely poloidal field throughout the computational do-
main of strength 5 × 1012 G corresponding to an initial
ratio of magnetic energy to gravitational binding energy
Tmag/|W | = 2.63× 10−8.
The computed model then undergoes gravitational col-

lapse and experiences core-bounce due to the stiffening
of the EoS above nuclear saturation density. Conser-
vation of angular momentum in combination with the
collapse leads to a massive spin-up of the core, reach-
ing Trot/|W | = 6.81 × 10−2 at bounce, and significant
rotationally induced deformations. During the collapse
the magnetic field is amplified by magnetic flux conser-
vation reaching a central strength of ∼ 5 × 1015 G and
Tmag/|W | = 3.02×10−4 at bounce. After bounce, differ-
ential rotation winds up the poloidal field very quickly
into a very strong toroidal field increasing the mag-
netic energy/pressure at the expense of rotational energy.
Consequently, strongly magnetized regions appear near
the rotational axis with an associated magnetic pres-
sure quickly reaching and exceeding that of the local gas
pressure. The Lorentz force then becomes dynamically
important and matter near the rotational axis is lifted
from the PNS and drives a bipolar outflow, i.e., jets are
launched. The jets rapidly propagate along the rota-
tional axis and quickly reach the boundary of the initial
3D domain. In order to follow the jet propagation fur-
ther, we have continuously extended the 3D domain to a
final size of 700×700×1400 km at ∼ 31 ms after bounce.
Figure 1 displays a snapshot at the final time.
The quickly expanding bipolar jets transport energy
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supernova neutrino-driven winds
e.g., Woosley, Janka 2005,
Arcones+2007Kilpatrick+2017

Kasen+2017

All potential main r-process sites, incl. mergers:
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Fig. 1.— Baseline models for nucleosynthesis. (a) Time evolution
of T/GK (solid curves) and log(⇢/g cm�3) (dashed curves) for tra-
jectories of wind mass elements ejected at tpb = 2 (black curves),
5 (green curves), and 8 s (red curves), respectively. (b) Time evo-
lution of the radius r for each trajectory. The region of T = 2 to
1 GK important to the ⌫p-process is indicated as that between the
solid circle and triangle. (c) The final elemental (number) abun-
dances for each trajectory assuming Ye(0) = 0.45 (neutron-rich).
(d) Same as (c), but for Ye(0) = 0.60 (proton-rich).

that the variations of T (t) and S
0

among the three tra-

jectories have a minor impact on the final abundances
for neutron-rich conditions when the same Ye(0) is used.
However, the situation is markedly di↵erent for proton-
rich conditions, where increasingly heavier nuclei are pro-
duced for the wind mass elements ejected at later times.
This is because the expansion a↵ects the ⌫p-process in
such conditions through the determination of both the
number ratio of protons to seed nuclei and the ⌫̄e flux
at the onset of the process. Specifically, the expansion
time scale for T ⇠ 6 to 3 GK sets the number ratio of
protons to seed nuclei at the onset of the ⌫p-process. In
addition, this time scale also determines the radius of the
mass element, and hence the ⌫̄e flux it receives, at this
onset. Finally, the combination of this ⌫̄e flux and the
expansion time scale for T ⇠ 2 to 1 GK determines the
extent of neutron production by ⌫̄e absorption on pro-
tons during the ⌫p-process. Clearly, a su�cient neutron
abundance is required to overcome the bottlenecks on
the path to heavier nuclei via (n, p) reactions. The slow-
ing down of the mass element near the wind termination
helps to fulfill this requirement. The trajectory ejected
at t

pb

= 2 s has the fastest initial expansion and the mass
element is already at a large radius at the onset of the
⌫p-process (see Fig. 1b). Therefore, for this trajectory
⌫̄e absorption on protons is strongly reduced during the
⌫p-process even with the slowing down of the expansion
near the wind termination. In contrast, the overall ex-
pansion for the trajectory ejected at t

pb

= 8 s is slower
so that the ⌫p-process becomes much more e�cient and
reaches significantly heavier nuclei.
In the following discussion, we will focus on the trajec-

tory ejected at t
pb

= 8 s. Pertinent results for the other
two trajectories are also presented. As described above,
our study is parametric in that we adopt fixed evolution
of temperature T (t) and radius r(t) for a wind trajectory
while varying S and Ye(0) to obtain a range of ⇢(t) and
Ye(t), respectively. We note that only accurate modeling
of a specific astrophysical environment can yield a self-
consistent set of T (t), ⇢(t), and Ye(t). In the case of the
neutrino-driven wind, this would require accurate neu-
trino transport in the proto-neutron star and accurate
simulation of the CCSN explosion (Arcones & Thiele-
mann 2013; Arcones & Bliss 2014). While our parametric
approach can only serve as approximation to the rigor-
ous astrophysical models, it captures the salient features
of such models that are important to heavy-element nu-
cleosynthesis. Further, it is e�cient for surveying a wide
range of possibilities. The results from our parametric
models should provide good guidance in finding the con-
ditions for producing Mo and Ru isotopes of interest.

3. RESULTS ON MO AND RU ISOTOPES

We are interested in the conditions under which vari-
ous Mo and Ru isotopes can be made in environments
similar to the neutrino-driven wind. In conventional
terms, the seven stable isotopes of Mo (Ru) fall into four
categories: (1) 92,94Mo (96,98Ru) as the p-only nuclei,
(2) 96Mo (100Ru) as the s-only nuclide, (3) 95,97,98Mo
(99,101,102Ru) as the mixed nuclei with contributions from
the s- and r-processes, and (4) 100Mo (104Ru) as the r-
only nuclide. As mentioned in the introduction, all these
isotopes can be produced in the wind by processes that
di↵er from the conventional p-, s-, and r-processes. How-

Bliss+2018

Ye = 0.45

Ye = 0.60
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10 Roederer et al.

abundance indicators in other stars in their sample, but
the results from the atomic lines showed a dependence
on Te↵ . Tomkin et al. suggested that the abundances
derived from the C i lines were too high and a↵ected by
a systematic error. We conclude that [C/Fe] is not en-
hanced above the solar ratio in HD 94028, so the tension
with our AGB model predictions stands.
The degree of the C discrepancy could be reduced if

extra mixing occurs in the envelopes of low-mass AGB
stars, as discussed in Section 5.1. Alternatively, the dis-
crepancy could be resolved if no AGB stars contributed
to HD 94028. This seems unlikely, however, since the
elements at the second and third s-process peaks are en-
hanced.

5.6. The Enrichment of HD 94028

In this section, we explore scenarios where the
n-capture abundances in HD 94028 result from the com-
bined contributions of the s, r, and i processes. These
are illustrated in Figure 7. The agreement is superb for
most elements, and only Y, Pd, and Lu deviate by ⇠ 2�.
The i process contributes the largest share for most el-
ements with Z < 50 in HD 94028. An inferior fit is
obtained if we omit any r-process contribution to the el-
ements lighter than Te. Using the un-modified r-process
residuals over-predicts the [Ge/Fe] and [As/Fe] ratios but
has no substantial impact on Se or the Sr–Ru region.
The i-process contribution is still required regardless of
whether we use the modified or un-modified r-process
pattern. The heaviest elements (Z � 56) owe their ori-
gin only to the r process and s process. The r process
dominates the production of elements near the rare-earth
and third peaks, while the s process dominates the pro-
duction of the light rare-earth elements and Pb.
Is HD 94028 a single star, or does it have an unseen

white dwarf companion? HD 94028 shows no compelling
evidence of radial velocity variations; measurements by
Latham et al. (2002) span more than 5100 d and have
an rms of only 0.64 km s�1. If, however, there is a com-
panion and the system is observed face-on, it would also
show no radial velocity variations.
Is the presence of s-process material evidence that

HD 94028 must be in a binary system with a white
dwarf companion? Casagrande et al. (2011) derived an
age of HD 94028 of 12.35 Gyr (7.5 to 13.8 Gyr at 95%
confidence intervals) from comparison with Padova and
BASTI isochrones. The longest-lived AGB star consid-
ered in Sections 5.1 and 5.2 has a lifetime of 1.4 Gyr.
Such stars could have formed, evolved through the TP-
AGB phase, and polluted the ISM before HD 94028 was
born. In other words, the presence of s-process mate-
rial does not require a more-evolved companion star for
HD 94028.
We are unable to exclude either the single-star or bi-

nary system scenarios. We expect that HD 94028 ac-
quired its r-process material from its natal cloud. The
s-process and i-process material may have also been
present in the natal cloud or added later by a companion.

5.7. The i-process in Other Stars in the Early Galaxy

Evidence for the i process has been observed in the
post-AGB star known as Sakurai’s object (V4334 Sgr;
Herwig et al. 2011) and in presolar grains found in pris-
tine meteorites (Fujiya et al. 2013; Jadhav et al. 2013;
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Fig. 7.— Comparison of the observed abundance pattern in
HD 94028 and contributions from the s-process (blue), r-process
(red), and i-process (gold) models. The s-process component is
taken from the 1.7 M� TP-AGB model discussed in Section 5.2.
The r-process component is based on the solar r-process residuals
and modified as described in Section 5.2. The i-process component
is based on the trajectory from Bertolli et al. (2013) and tuned to
maximize production in the As–Mo region as described in Sec-
tion 5.4. The solid black line marks the sum of the three processes
for each element. The overall normalization for each process has
been adjusted by-eye. The distribution is expressed as log ✏ and
[X/Fe] in the top and middle panels, and the bottom panel illus-
trates the residuals between the observed abundance pattern and
the sum of the models.

Liu et al. 2014). There are hints that the i process may
also be responsible for some of the abundance patterns
observed in young open clusters (Mishenina et al. 2015),
the CEMP-r/s stars (Dardelet et al. 2015; Jones et al.
2016), and low-mass post-AGB stars in the Magellanic
Clouds (Lugaro et al. 2015).
Our observations may be generalized to suggest that

super-solar [As/Ge] and solar or sub-solar [Se/As] ratios
could signal the operation of the i process in the early

4

process nor s process can be explained by a single expo-
sure [45, 46]. The same would have to be true for the i
process. In the same way as the nucleosynthesis calcula-
tion along a single trajectory of a 13C pocket evolution
extracted from a complete AGB stellar evolution model
will give some idea of the general type of nucleosynthesis
we can not hope to obtain accurate predictions of the
details of a particular observation.
We expect the i-process 1-zone trajectory to provide

some general idea of the type of nucleosynthesis that can
be expected for environments in which we expect the i
process to operate, for example in the H-12C combustion
regime in VLTP post-AGB stars, such as Sakurai’s ob-
ject, or the various occasions of this type of events that
are encountered in the low-Z stars that formed in the
early universe.
The key ingredient of the i process is a combination

of rapid proton capture (p-capture) nucleosynthesis with
rapid neutron capture (n-capture) nucleosynthesis. In
any realistic environment this combination is achieved by
a convective connection of these two spatially separated
regimes. The i-process 1-zone trajectory combines these
two regimes in a serial fashion. In the first second all the
12C is burned into 13N. Several other p-capture induced
reactions take place and overall the network flux drives
species into the proton-rich side. Around 13.15 minutes,
13N decay starts to provide 13C and an increasing effect
of the n-captures can be seen, as the flux is first drawing
the abundance distribution back to the valley of stablility
and then driving the network flux into the neutron-rich
side.
Neutrons are captured both by light elements as well as

by iron and heavier elements. In particular, the neutron
capture on the iron seeds leads quickly to the production
of trans-iron elements Kr, Rb, Sr, Y, Zr around the first
neutron-magic peak at N = 50. It peaks initially and
then decreases as the network flux moves on to the 2nd

peak around Ba and La at N = 82. These elements peak
somewhat later. The abundance distribution of Sakurai’s
object is characterized by a large enhancement of 1st-
peak elements but no enhancement of 2nd peak elements.
Figure 2 shows the abundance flow at the two peaks for
select times during the i process.

III. NEUTRON CAPTURE RATES

Two primary nuclear physics inputs needed to deter-
mine the nucleosynthetic outcome are the neutron cap-
ture cross sections and rates. The neutron capture cross
section σγ may be determined several ways. Evalu-
ated data on fission product (n, γ) reactions is avail-
able in the various libraries [28–30]. Additionally, one
may calculate the capture cross section directly via the
Hauser-Feshbach method [47, 48]. Hauser-Feshbach is a
statistical method giving the cross section of reactions
that pass through a large number of compound nucleus
states [47–50], and is implemented in available codes such

(a)Isotopic chart for the first neutron magic peak, N = 50, at
t = 1.9× 10−4 years.

(b)Isotopic chart for the second neutron magic peak, N = 82, at
t = 5× 10−4 years.

FIG. 2: (Colour online) The abundance flow around the two
neutron magic peaks, at key times in the i process. Red lines
indicate magic numbers in either protons or neutrons and
bold outlines indicate stable isotopes. The present abundance
distribution is given in logarithmic-colour scale, according to
the right band.

as CoH3 [51], TALYS 1.4 [52, 53] and NON-SMOKER [54].

The reaction rate for neutron capture at a given stellar
temperature T is given by the averaged product of the
cross section σγ and the relative velocity v between the
neutron and target, obeying Maxwell-Boltzmann statis-
tics. The Maxwellian averaged cross section (MACS)
⟨σγv⟩ is then [55]:

Bertolli+2014
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this triggers the i process. VLTPs are experienced by a quarter of all post-AGB stars

(Herwig, 2005). The observed outbreak of Sakurai’s object was soon interpreted as a

VLTP (Herwig, 2001a). The observations covered a time interval of about six months,

during which the abundances of light s-process elements, such as Rb, Sr, Y and Zr,

increased by approximately 2 dex. These abundance signatures can not normally arise
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stellar explosions (Käppeler et al., 2011; Thielemann et al., 2011). Cowan and Rose

(1977) proposed that, under certain physical conditions, an intermediate (i) process

with a neutron density N
n

⇠ 1015 cm�3 intermediate between those typical for the s

process (N
n

 1011 cm�3) and r process (N
n

� 1020 cm�3) might be triggered in stars.

Like for the main s process, neutrons for the i process are released in the reaction
13C(↵,n)16O. The higher neutron density in the i process is achieved at typical He-

burning temperatures T ⇠ 2 – 3⇥ 108 K due to e�cient replenishment of 13C from the

reaction 12C(p,�)13N followed by the decay 13N(e+⌫)13C. This combination of He and

H burning reactions in one process occurs in a He-flash convective zone, where there

is a plenty of He and 12C, provided that a small amount of H is ingested into it when

the upper convective boundary reaches the H-rich envelope layer. In this situation, the

reactions 12C(p,�)13N and 13C(↵,n)16O are spatially separated, each taking place at its

own favorable conditions, and 13N with a half life of 9.96 min decays into 13C while

being carried down by convection with a comparable turnover timescale of ⇠ 15 min.

It was not until the late 1990s that the first strong evidence of the i process in stars

was detected. Asplund et al. (1999) investigated the evolution of the surface elemental

abundances in the post-asymptotic giant branch (post-AGB) star Sakurai’s object

(V4334 Sagittarii) that at the time was experiencing a nova-like transient outbreak.

A post-AGB star is a CO core of an AGB star that has lost most of its H-rich envelope

as a result of an AGB super wind or a common-envelope event if it was in a close binary

system. Such a star still has a He shell surrounded by a thin H envelope atop the

CO core. When the star leaves the AGB it first moves almost horizontally to the left

(to the higher e↵ective temperatures) on the Hertzsprung-Russel diagram, as long as

its luminosity is maintained by H burning in a shell, then, when the H-shell burning

dies away, the star settles down on a white-dwarf cooling track (Paczyński, 1971).
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4 Côté et al.

Figure 2. Rate and duration of H ingestion in the solar-
metallicity RAWD model estimated from its H-burning lu-
minosity. Note the final short phase with an increased rate of
H ingestion that is typical for near-solar metallicity RAWD
models.

factor of 2 to those obtained in 3D hydro simulations of
H ingestion by He-flash convection, using the convective
He-shell structure and He-burning luminosities from our
RAWD models (R. Andrassy, priv. com.). These values
of ṀH have been used in our post-processing nucleosyn-
thesis computations of the i process in RAWDs. We
have carried out these computations using the multizone
frame mppnp of the NuGrid code (Pignatari et al. 2016).
Durations of the H ingestion events have been estimated
from our 1D RAWD models. In single post-AGB stars
VLTPs induce a violent H ingestion that has a higher
mass ingestion rate (ṀH ⇠ 10�10 M� s�1) than in the
preceding thermal pulse evolution. This high ingestion
rate is only maintained for a short time (hundreds of
minutes, Herwig et al. 2011), while in RAWDs H inges-
tion is usually 10 to 100 times slower, not accompanied
by violent H burning or major perturbations of the con-
vective structure of the He-shell, and it lasts tens of days.
In the case of [Fe/H]= 0, such a long-lasting gentle H
ingestion is followed by a much shorter and stronger H-
ingestion event that resembles the violent H ingestion af-
ter a VLTP and that terminates the whole H-ingestion
process (Figure 2). We take this into account in our
post-processing nucleosynthesis computations by chang-
ing ṀH appropriately in our solar-metallicity RAWD
models.
Figure 3 shows maximum neutron densities in the con-

vective He shells of our post-processed RAWD models
as a function of time. The orange curve consists of two
parts, the second, almost vertical one, corresponding
to the final strong H ingestion event that we have re-
vealed in the solar-metallicity model (Figure 2). The

Figure 3. Maximum neutron densities in the He convective
zones from the post-processing computations of the i-process
nucleosynthesis in our RAWD models. The almost vertical
part of the orange curve corresponds to the final fast H-
ingestion event in the solar-metallicity RAWD model that is
seen in Figure 2.

Figure 4. Distributions of element yields from the post-
processing computations of the i-process nucleosynthesis in
our RAWD models. The black circles with error bars are
surface abundances in Sakurai’s object measured by Asplund
et al. (1999). Note the high abundances of the first-peak
elements in the nearly-solar metallicity models.

peak value of Nn,max increases when the metallicity de-
creases because of a decreasing total mass fraction of the
neutron-capture seeds. This results in a shift of the final
distribution of i-process yields towards heavy elements
(Figure 4). However, for the main topic of this work it
is more important to comment on the RAWD yields of
the first-peak elements with the charge number around
40. The black circles with error bars in Figure 4 show
the surface abundances in Sakurai’s object measured by
Asplund et al. (1999). In terms of abundance distribu-

rapidly accreting white dwarfs 
(RAWDs)
e.g., Cote+18

Convective-reactive burning in Sakurai’s object 13

FIG. 3.— Hydrodynamic picture of H-entrainment into He-shell flash convection near the luminosity peak of the flash. The setup is based on a stellar evolution
model corresponding to the situation shortly after time t0 shown in Fig. 2, when the top of the convection zone is just making contact with the H-rich stable layer.
Colors indicate abundance of proton-rich material that is originally only in the stable layer above the convection zone that is entrained into the convection zone.
Volume fractions of about ⇠ 1% are shown as blue, while concentrations that are close to one are transparent. The lowest concentration yellow blobs that are mixed
deep into the convection zone correspond to ⇠ 0.01%. Abundance levels below approximately 5⇥10-5 have been made transparent as well. The left panel shows a
snapshot from a 3843 grid while the right panel image is from a run on a 5763 grid. Slightly different times are shown and similar but not identical color maps have
been used. The PPM simulation is described in more detail in Sect. 4.1, and the simulation code is described in Sect. A.2.
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FIG. 4.— Radial and tangential radially averaged rms-velocities of the 5763 simulation at the same time as shown (in the right panel) of Fig. 3.

convective He burning in AGB stars
e.g., Herwig+11
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Table 3. The list of reactions (the first column) for which the absolute magnitude of
at least one of the logarithmic ratios of the abundances of Rb, Sr, Y and Zr predicted
with the rate multiplication factor fi varied up and down relative to the case of fi = 1
(shown in the other columns) has exceeded 0.075 in our multi-zone D1 runs.

Reaction Rb (up/down) Sr (up/down) Y (up/down) Zr (up/down)

85Br(n,�) �0.102/0.028 0.068/�0.029 0.07/�0.03 0.071/�0.03
86Br(n,�) 0.034/�0.006 0.068/�0.014 0.073/�0.015 0.077/�0.016
85Kr(n,�) �0.005/0.007 0.016/�0.093 0.016/�0.092 0.016/�0.094
87Kr(n,�) �0.225/0.231 0.104/�0.28 0.085/�0.21 0.07/�0.157
88Kr(n,�) 0.0/0.0 �0.305/0.185 0.151/�0.269 0.145/�0.239
89Kr(n,�) 0.0/0.0 0.0/0.0 �0.276/0.066 0.045/�0.017
89Rb(n,�) 0.0/0.0 0.003/0.005 �0.226/0.241 0.038/�0.089
89Sr(n,�) 0.0/0.0 0.006/�0.007 �0.088/0.121 0.013/�0.027
92Sr(n,�) 0.0/0.0 0.0/0.0 0.0/0.0 �0.089/0.117

Table 4. Individual isotopes (D1) and their pairs (D2) whose maximum (n,�) reaction
rate variations have the largest impact on the predicted elemental abundances and their
ratios (the absolute magnitudes are given in parenthesis) from multi-zone simulations
of the i process in Sakurai’s object.

D1 D2

87Kr (�X(Rb) = 0.23 dex) 85Br and 87Kr (�X(Rb) = 0.49 dex)
88Kr (�X(Sr) = 0.31 dex) 87Kr and 88Kr (�X(Sr) = 0.53 dex)
89Kr (�X(Y) = 0.28 dex) 88Kr and 89Rb (�X(Y) = 0.53 dex)
88Kr (�X(Zr) = 0.24 dex) 88Kr and 89Rb (�X(Zr) = 0.34 dex)

87Kr (�[Rb/Sr] = 0.51) 87Kr and 88Kr (�[Rb/Sr] = 0.76)
88Kr (�[Sr/Y] = 0.46) 88Kr and 89Rb (�[Y/Sr] = 0.72)
89Rb (�[Y/Zr] = 0.33) 89Kr and 89Rb (�[Zr/Y] = 0.58)

Table 5. Same as in Table 4, but from one-zone simulations.

D1 D2

85Br (�X(Rb) = 0.18 dex) 85Br and 87Br (�X(Rb) = 0.62 dex)
85Br (�X(Sr) = 0.36 dex) 85Br and 88Kr (�X(Sr) = 0.63 dex)
89Kr (�X(Y) = 0.65 dex) 85Br and 89Kr (�X(Y) = 1.15 dex)
85Br (�X(Zr) = 0.44 dex) 85Br and 88Kr (�X(Zr) = 0.78 dex)

85Br (�[Rb/Sr] = 0.52) 85Br and 87Kr (�[Rb/Sr] = 0.85)
89Kr (�[Sr/Y] = 0.70) 88Kr and 89Kr (�[Y/Sr] = 1.02)
89Kr (�[Y/Zr] = 0.78) 89Br and 89Kr (�[Zr/Y] = 0.90)

nuclear physics uncertainties is the same, again indicating that correlations among rate

changes are negligible, and that for the case of the i-process a single rate variation

approach is appropriate for identifying the critical nuclear reactions.
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FIG. 6: (Colour online) Comparison of the [Ba/La] and
[Eu/La] ratios over time when using the default NON-SMOKER
(black), CoH3 (red) and TALYS 1.4 (blue) models.

rates from the different models to investigating the sys-
tematic uncertainty amongst them. The effects of this
uncertainty are demonstrated on observable elemental ra-
tios. Figure 6 plots the effects of the uncertainty arising
from different models on the [Ba/La] and [La/Eu] ratios.
Each point represents the ratio of elements at a different
time within the simulation, where the left most point is
the earliest time (about t = 1.59× 10−4 years) and pro-
ceeding along the curve in increments of about 8× 10−6

years. In Fig. 6, the black curve shows the evolution of
these ratios using the default NON-SMOKER rates. The red
and blue curves show the element ratio evolution when
using the neutron capture rates from CoH3 and TALYS

1.4, respectively.
Figure 6 shows the effect of the systematic differ-

ences in neutron capture rates among the three Hauser-
Feshbach models. Between NON-SMOKER and CoH3 (TALYS
1.4) differences in capture rates can lead to as much as
a factor of 22 (47) in the [Ba/La] ratio, and 1.3 (19) in
the [La/Eu] ratio. The differences change not only the
value of the [Ba/La] and [La/Eu] ratios, but the shape
of their evolution. The evolution of the ratios for the
CoH3 and TALYS 1.4 rates compared to each other and to
NON-SMOKER demonstrate that the neutron capture rates
do not simply cause horizontal or vertical off-sets to the
element ratio curves.
We are interested in the role of correlated nuclear

physics uncertainties on the i-process abundances. In or-
der to investigate this we look at the application of neu-
tron capture rates from different models for all 22 nuclei
in the region of the neutron shell closure N = 82, com-
pared to changing only the bottle-neck neutron capture
cross section on 135I. The comparison is shown in Fig. 7.
While one might expect 135I neutron capture rate to dom-
inate the changes to the [Ba/La] and [La/Eu] ratios, the
effects of the remaining 21 neighbouring nuclei is impor-
tant to consider. Using different models for only the

bottle-neck does change the shape and values of the ele-
ment ratio evolution for CoH3 compared to NON-SMOKER.
Yet application of these models to all 22 nuclei results
in more drastic changes to the [Ba/La] and [La/Eu] ra-
tios, as well as significant changes to the shape of the
evolution.
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FIG. 7: (Colour online)Top: Compares the effects on the
[Ba/La] and [La/Eu] ratios when using CoH3 for only the
bottle-neck nucleus 135I (red ”x”) to using CoH3 for the full
set of 22 nuclei (red triangle). Bottom: Same as top panel,
but using TALYS 1.4. In both cases the elemental ratios from
the default NON-SMOKER rates are shown in black.

On the other hand, the comparison between
NON-SMOKER and TALYS 1.4 seems to give a different re-
sult. In the lower panel of Fig. 7 there is not as sig-
nificant a difference between using TALYS 1.4 for only
neutron capture on 135I than for all 22 neutron cap-
ture rates. This demonstrates that while TALYS 1.4 and
NON-SMOKER neutron capture rates have a large difference
for 135I, the two codes have similar capture rates for the
remaining 21 nuclei in the set.
However, now consider we apply changes to neutron

capture rates in the region but neglect the specific sys-
tematics. We use only an estimated uncertainty of a

Bertolli+2014
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041008-5 Surman et al. AIP Advances 4, 041008 (2014)

FIG. 3. Sensitivity measures F (bottom panel) resulting from a sensitivity study in which each neutron capture rate in the A
∼ 80 region is varied by a factor of 100. The baseline simulation is case 1 from Table I and Fig. 2. The top panel shows the
abundances at the point in the simulation where the neutron-to-seed ratio is one (at the onset of freezeout). The two boxed
nuclei, 78Zn and 81Zn, are singled out for further analysis.

the factor was taken to be 100. With each individual variation, we reran the simulation, and compared
the resulting abundance pattern to the baseline pattern using the sensitivity measure F as in Ref. 20:

F = 100 ×
∑

A

|X (A) − Xbaseline(A)| (3)

where Xbaseline(A) are the final mass fractions of the baseline abundance pattern and X(A) are the
final mass fractions for the simulation with the rate change. The outcome of each sensitivity study
is thus a set of sensitivity measures F for each of the 300 nuclei whose capture rates were varied.

The resulting sensitivity measures from a single sensitivity study are shown in the bottom panel
of Fig. 3 for an astrophysical trajectory with entropy s/k = 10, timescale τ = 0.2 s, and electron
fraction Ye = 0.3 (case 1 from Table I). These conditions are similar to those that may be obtained
in the winds from the accretion disk formed in a compact object merger.36, 40 The final abundance
pattern for this baseline simulation is a good match to the solar A ∼ 80 region and above and as
shown in Fig. 2, plotted with the red line. This case is a ‘true’ weak r process, in that we see the
establishment of (n, γ )-(γ , n) equilibrium, and the behavior of the nuclear flow near and through the
N = 50 closed shell is similar to that in the N = 82 and N = 126 regions in a main r process, with
the r-process path as shown in the top panel of Fig. 3. Thus, we expect the role of neutron capture
rates to be similar to that identified for the N = 82 region in a main r process, as described in detail
in Refs. 19 and 20. Indeed, the pattern of sensitivity measures for this example follow the N = 82
region results, with the greatest sensitivity measures F found for nuclei above and to the left of the
closed shell, along the β-decay pathways of the closed shell nuclei, as seen in Fig. 3.

Refs. 19 and 20 identified two mechanisms by which neutron capture rates in the A ∼ 130 region
influence the final r-process abundance pattern: an early-freezeout photodissociation effect and a

041008-4 Surman et al. AIP Advances 4, 041008 (2014)

FIG. 2. Shows abundance patterns for three sample weak r-process trajectories, with wind conditions listed in Table I for
case 1 (red solid line), case 2 (long dashed blue line), and case 3 (short dashed green line). The scaled solar r-process residuals
(crosses) from Ref. 35 are included for comparison.

TABLE I. Wind conditions for three example weak r-process trajectories.

case s/k τ (s) Ye

1 10 0.20 0.30
2 30 0.10 0.35
3 35 0.30 0.40

accretion disk outflows of Ref. 36. A total of approximately ninety distinct astrophysical trajectories
are chosen as baseline simulations for our neutron capture rate sensitivity studies. Included in this
set are trajectories that result in an excellent match to the solar weak r-process pattern as well as
those that make mostly A ∼ 90 − 100 nuclei; main r-process trajectories are excluded.

III. SENSITIVITY STUDY

The sensitivity studies took the baseline weak r-process simulations described above as starting
points. For each astrophysical trajectory chosen, we determined the baseline abundance pattern with
a nuclear network calculation. The nuclear network code employed includes all relevant two- and
three-body charged particle reactions, weak reactions, neutron captures, and photodissociations,
with reaction rates from JINA REACLIB v1.0.37 Note all of the REACLIB neutron capture rates
relevant here are theoretical values, from NON-SMOKER.38 We followed the composition from
free nucleons and alpha particles in nuclear statistical equilibrium (NSE) through the assembly of
seed nuclei by charged particle reactions and the subsequent weak r process. The reaction network
is described in detail in Ref. 39.

Once the baseline abundance pattern was determined, the neutron capture rates of approximately
300 nuclei in the A ∼ 80 region and above were individually varied by a constant factor. Theoretical
compilations of neutron capture rates can differ from each other by orders of magnitude,19, 20, 27 so
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Impact of (↵, n) reactions on weak r-process in neutrino-driven winds 11

Figure 6. Left panels: Elemental abundances when multiplying (upper panels) and
dividing (lower panels) the (↵, n) reaction rates by factors 5, 10, and 50 for Z = 26�45.
The reference case corresponds to the 9 s trajectory with Ye = 0.47 with the original
TALYS-calculated (↵, n) rates. Right panels: Relative changes of the abundances
compared to the reference.

right panels Fig. 6). For these conditions, there are almost no (↵, n) reactions above Kr

as shown by the reaction flows (Fig. 1). The (↵, n) reactions on Kr isotopes are very

important because they influence the abundances of the Sr isotopes directly. The flow

from Sr isotopes towards heavier ones is mainly driven by (↵, n) reactions on Zr, (p, n)

reactions, and beta decays.

We have described the general trends of the abundances when varying the (↵, n)

reaction rates for the trajectory with Y

e

= 0.47. The trend is the same for Y

e

= 0.45

(Fig. 7). The main di↵erence is the large variation in the abundance of Sr and the

heaviest elements mainly due to (↵, n) reactions on Rb and Sr isotopes. For both

conditions Y
e

= 0.45 and 0.47, there are also the changes in the abundances for Z < 26

nuclei, whose (↵, n) rates are not scaled in our study. The change of these abundances

is due to neutron captures that occur on all isotopes and are a↵ected by the amount

of neutrons available including the ones produce after (↵, n) reactions. For Y
e

= 0.49,

there is almost no e↵ect when changing the (↵, n) reactions. Here, the nucleosynthesis

path moves along the valley of stability where (p, �), (p, n) and few strong contributing

(↵, �) reactions move matter towards heavy nuclei.

After studying the impact of di↵erent nucleosynthesis evolutions (various electron

fractions) and of nuclear physics input due to (↵, n) reactions, we can combine these

two uncertainties and compare to abundance observations of metal-poor stars. In

Fig. 8, we show abundance ratios between pairs of lighter heavy element abundances

actions are still in equilibrium with their inverse. Figure 1 illustrates the theoretical (α, n) rates for
69Ga, 84Se, 94Sr and 100Mo rates from TALYS 1.6 based on different alpha-optical potentials. The
differences in the (α, n) rates due to different alpha-optical potentials can reach a factor of 10 for
4.5 GK ! T ! 2.5 GK when (α, n) reactions are relevant for the weak r-process.

We also compared theoretical calculations with the few available experiments [6] in the region
of the nuclei chart where the weak r-process is likely to occur to test the predictive power of the
theoretical models. We found three underlying trends: First, in cases where there is more than one
measurement of the same cross section, the measured cross sections do not agree with each other
within the given experimental uncertainties. Second, for some measurements the experimental and
theoretical cross sections differentiate up to a factor of ∼ 6 in the effective stellar energy region
between 3 MeV " Ec.m. " 15 MeV. Smaller discrepancies are found for other available experiments
on stable nuclei, but they may be even larger for nuclei away from stability where the theoretical
models may not be valid. Third, there is no clear trend if the theoretical cross sections under- or
overestimate the experimental ones.

Fig. 1. Theoretical reaction rates (TALYS 1.6) using different alpha-optical potentials: global alpha-optical
potential (GAOP), phenomenological fit of McFadden and Sachtler (MS), three different versions of the model
of Demetriou-Grama-Goriely (DGG1-3). The reaction rates are normalized to the ones calculated with the
GAOP model. For Refs. see [3, 5].

3. Sensitivity Study in Neutron-Rich Winds

Charged-particle reactions, especially (α, n), can influence the evolution of the wind nucleosyn-
thesis. Therefore, we performed a sensitivity study of (α, n) reactions in neutron-rich winds. For the
sensitivity study we used a Monte Carlo approach that took the theoretical (α, n) rate uncertainties
and the discrepancies between theoretical predictions and experiments (see Sect. 2) into account. We
calculated the (α, n) rates for Z = 26 − 45 with TALYS and assumed they are log-normal distributed
(µ = 0 and σ = 2). Each rate was varied independently every time the network was run. The blue

2■■■
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neutron capture rates for the main r process

MC variations of neutron capture 
rates within ~ factors of 2, 10, 100

104 M.R. Mumpower et al. / Progress in Particle and Nuclear Physics 86 (2016) 86–126

Fig. 16. Important neutron capture rates in four astrophysical environments (a) low entropy hot wind, (b) high entropy hot wind, (c) cold wind and
(d) neutron star merger with stable isotopes in black. Estimated neutron-rich accessibility limit shown by a black line for FRIB with intensity of 10�4

particles per second [206].
Source: Simulation data from [122].

The complete sensitivity study results of Figs. 13–16 are included in a table in the Appendix. Sensitivity measures F are
stated explicitly wherever F > 0.01; an asterisk is used to indicate 0 < F < 0.01. Since the studies of masses started from a
different baseline nuclear data set than the other studies, the sets of nuclei included in each study do not necessarily overlap.
If a nucleus is not included in a particular study it is indicated by a dash in the table.

Some caveats regarding the table:
(1) All studies are for main A > 120 r processes. F measures are listed for some nuclei with A < 120; these indicate the
impact of their nuclear properties on A > 120 nucleosynthesis only.
(2) The sensitivitymeasures F are globalmeasures. The largestmeasures correspond to either large local abundance pattern
changes or somewhat smaller changes throughout the pattern, or some combination of the two. Modest local changes are
not captured by this measure.
(3) The four sets of astrophysical conditions chosen for the studies are meant to be representative of a variety of possible
scenarios but are by no means exhaustive. Different astrophysical conditions will produce different F measures, and some
nuclei labeled with asterisks in the table may be important in other scenarios, or with a different choice of baseline nuclear
data.

nsm dynamical ejecta
neutron capture 
sensitivity study

Liddick+2016
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from NUBASE 2016
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(a,n) interaction rates

neutron capture nucleosynthesis: 
required nuclear data
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beta decay rates for the weak/limited r process 7

Figure 3. (Color online) Influential �-decay rates in the A ⇠ 80
region for weak r -process conditions, parameterized as in Ref.
[50] with entropy per baryon s/k = 10, dynamic timescale
⌧ = 200 ms, and starting electron fraction Y

e

= 0.3. The
shaded boxes show the global sensitivity measures F

global

resulting from �-decay rate increases of a factor of K = 10.
Stability is indicated by crosses; the �-decay rates of nuclei to
the right of stability and to the left of the solid gray line have
all been measured and so are not included in the sensitivity
analysis.

a global sensitivity measure Fglobal:

Fglobal = 100⇥
X

A

|XK(A)�Xb(A)| , (37)

whereXb(A) andXK(A) are the final mass fractions of the
baseline simulation and the simulation with the �-decay
rate changed, respectively. Figure 3 shows representative
results. The pattern of most influential �-decay lifetimes
is similar to that identified for a main r process [5]: the
important nuclei tend to be even-N isotopes along either
the r -process path or the decay pathways of the most
abundant nuclei.
We select isotopic chains with the highest sensitivity

measures, according to Figs. 2 and 3, and carefully re-
calculate their �-decay half-lives. The selected chains
encompass 70 nuclei in the rare-earth region and 45 nuclei
in the A ⇠ 80 region 1.

B. Selection and adjustment of Skyrme EDFs

Our density-dependent nucleon-nucleon interactions are
derived from Skyrme EDFs. Refs. [56–58] contain compre-
hensive reviews of the properties of Skyrme functionals;
Refs. [18, 33] contain discussions of the most important

1

Measured half-lives of

76,77

Co and

80,81

Cu were recently reported

in Ref. [55]. We still include these nuclei in our calculations.

terms of the EDF for � decay. In our calculations, we
largely apply the Skyrme EDF ‘as-is,’ but adjust a few
important parameters that a↵ect ground-state proper-
ties and �-decay rates. Among these are the proton
and neutron like-particle pairing strengths, Vp and Vn;
the spin-isospin coupling constant, Cs

10

; and the proton-
neutron isoscalar pairing strength, V

0

. We tune these
parameters separately for each mass region; the coupling
constants that multiply the remaining ‘time-odd’ terms
of the Skyrme EDF are set either to values determined
by local gauge invariance [58] or to zero.

1. Multiple Skyrme EDFs for the rare-earth elements

The pnFAM’s e�ciency significantly reduces the com-
putational e↵ort in �-decay calculations. The smaller
computational cost makes repeated calculations feasible
and allows us to examine the extent to which �-decay
predictions depend on the choice of Skyrme EDF. Here
we use four very di↵erent Skyrme functionals: SkO0 [59],
SV-min [60], unedf1-hfb [61], and SLy5 [62]. SkO0, has
already been applied to the � decay of spherical nuclei
[7]; it was also chosen for the recent global calculations
of Ref. [33]. SV-min, and unedf1-hfb are more recent;
the latter is a re-fit of the unedf1 parameterization [63],
without Lipkin-Nogami pairing. SLy5 tends to yield less-
collective Gamow-Teller strength than some other Skyrme
parameterizations [64].

We do most of our calculations in a 16-shell harmonic os-
cillator basis, a choice that further reduces computational
time from that associated with the 20-shell basis applied
in the unedf parameterizations of Refs. [63, 65, 66]. Be-
cause unedf1-hfb was constructed with hfbtho in a
20-shell basis, however, we use this larger basis for that
particular functional. We determine the nuclear deforma-
tion by starting from three trial shapes (spherical, prolate,
and oblate) and selecting the most bound result after the
HFB energy and deformation have been determined self-
consistently. We obtain the ground states of odd nuclei
within the EFA, beginning from a reference even-even
solution and then computing odd-A solutions for a list of
blocking candidates reported by hfbtho. For odd-odd
nuclei, we try all Np ⇥Nn proton-neutron configurations
to take into account as many odd-odd trial states as are
practical. Again, we select the most-bound quasiparticle
vacuum from among these candidates.

Returning to the functionals themselves: to adjust the
pairing strengths and coupling constant Cs

10

, we start
from the published parameterizations.2 Then we fix the

2

With a few exceptions: We use the same nucleon mass for proton

and neutrons, unlike Ref. [60], which originally determined SV-

min, and we employ the SLy5 parameterization written into

hfbtho, which di↵ers from that published in Ref. [62]. The

hfbtho values are the same as those of Ref. [67], but t
0

=

�2483.45 MeV fm

3

instead of �2488.345 MeV fm

3

.
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Figure 12. (Color online) Top panel: Quadrupole deformation
�
2

of the 45 A ' 80 nuclei whose half-lives we calculate
and display in Fig. 11. Bottom panel: Contribution of first-
forbidden � decay (0, 1, 2� transitions) to the decay rate of
the same 45 nuclei, plotted as a percentage.

Figure 13. (Color online) The e↵ect of our new �-decay rates
on final r -process abundances. The same trajectories are used
as in Fig. 2.

Figure 14. (Color online) Impact of our �-decay rates near
A = 80 on weak r -process abundances. The top panel shows
abundances using rates from this work (red solid line), Ref.
[17] (purple short dashes), Ref. [45] (light blue dot dashes),
and the REACLIB database [86] (dark blue long dashes).

neutrons available for capture above the peak. This e↵ect
is illustrated in Fig. 15, which compares the abundance
pattern for the baseline weak r -process simulation from
Sec. IIIA with those obtained by using subsets of our
newly calculated rates in the same simulation. Consider
first the influence of the rates of the iron isotopes (green
line in Fig. 15), particularly 76Fe. This N = 50 closed
shell nucleus lies on the r -process path, below the N = 50
nucleus closest to stability along the path, 78Ni. Thus an
increase to the �-decay rate of 76Fe over the its baseline
causes more material to move through the iron isotopic
chain and reach the long waiting point at 78Ni. The
abundances near the A ⇠ 80 peak increase and those
above the peak region decrease because the neutrons used
to shift material from the very abundant 76Fe to 78Ni are
no longer available for capture elsewhere. Changes to the
�-decay rates of nuclei just above the N = 50 closed shell,
however, can have a quite di↵erent e↵ect on the pattern.
The germanium isotopes, particularly 86Ge and 88Ge, are
just above the N = 50 closed shell, so increases to their
�-decay rates from the baseline will move material out of
those isotopes to higher A (orange line in Fig. 15). Thus,
abundances above the peak increase and more material
makes it to the next closed shell, N = 82. In the end,
the two very di↵erent e↵ects partly cancel one another
so that our rates do not change abundances significantly
compared to those obtained with the rates of Ref. [17].

Given that modern QRPA calculations appear to have
converged to roughly a factor of two or so, we use Monte
Carlo variations to investigate the influence of this amount
of uncertainty in all the �-decay rates required for r -
process simulations. We start with astrophysical trajecto-
ries that seem typical for three types of main r -process
environments (hot wind, cold wind, and merger). Then,
for each Monte Carlo step, we vary all of the �-decay

REACLIB
Moller+2003

Marketin+2015
Schafer+2016
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Pn values for the weak/limited r process

BRIKEN proposal, 
Rykaczewski+2014  

Pxn Moller+2003
P1n = 0
P1n maximized 
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Figure 13. (Color online) Top panel: Quadrupole deformation
�
2

of the 45 A ' 80 nuclei whose half-lives we calculate
and display in Fig. 12. Bottom panel: Contribution of first-
forbidden � decay (0, 1, 2� transitions) to the decay rate of
the same 45 nuclei, plotted as a percentage.

Figure 14. (Color online) The e↵ect of our new �-decay rates
on final r -process abundances. The same trajectories are used
as in Fig. 2. Black circles mark solar abundances.

Figure 15. (Color online) Impact of our �-decay rates near
A = 80 on weak r -process abundances. The top panel shows
abundances using rates from this work (red solid line), Ref. [17]
(purple short dashes), Ref. [45] (light blue dot dashes), and
the REACLIB database [86] (dark blue long dashes). Black
crosses mark solar abundances.

distribution

p(x) =
1

x
p
2⇡�

exp


� (µ� ln(x))2

2�2

�
(42)

where µ is the mean, and � is the standard deviation of the
underlying normal distribution and x is a random variable.
We take µ = 0 and � = ln(1.4) which yields a spread in
random rate factors corresponding roughly to the factor
of two uncertainty in modern QRPA calculations (see e.g.
Ref. [33]). For each set of rate factors generated with
the log-normal distribution the r-process simulation is
then re-run. Fig. 17 shows the resulting final r -process
abundance pattern variances for 10,000 such steps. In
each case, though some abundance pattern features stand
out as clear matches or mismatches to the solar pattern,
the widths of the main peaks and the size and shape
of the rare-earth peak are not clearly defined. The real
uncertainty in �-decay rates is larger than a factor of
two because all QRPA calculations miss what could be
important low-lying correlations. Thus, more work is
needed, whether it be theoretical refinement or advances
in experimental reach.

V. CONCLUSIONS

We have adapted the proton-neutron finite-amplitude
method (pnFAM) to calculate the linear response of odd-
A and odd-odd nuclei, as well as the even-even nuclei
for which it was originally developed, by extending the
method to the equal-filling approximation (EFA). The fast
pnFAM can now be used to compute strength functions
and � decay rates in all nuclei.
After optimizing the nuclear interaction to best rep-

resent half-lives in each mass region separately, we have

beta decay rates for the main r process
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beta-delayed neutron emission probabilities
neutron capture rates

fission rates 
fission product distributions

neutrino interaction rates
spallation cross sections

neutron capture nucleosynthesis: 
required nuclear data



r-process uncertainties: masses

Mumpower, 
Surman, 
McLaughlin, 
Aprahamian
2016

mass
uncertainties
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impact of systematic mass uncertainties

Côté, Fryer, Belczynski, Korobkin, Chruślińska, Vassh, Mumpower, Lippuner, 
Sprouse, Surman, Wollaeger 2018

Abundance pattern ranges for 10 distinct mass models
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deducing r-process conditions from abundance 
pattern details: the rare earth peak

N=82        rare earth peak      N=126

Surman+1998

Its formation mechanism is sensitive to 
both the astrophysical conditions of the 
late phase of the r-process and the 
nuclear physics of the nuclei populated at 
this time 
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hot, (n,g)-(g,n) 
equilibrium

cold, very 
neutron-rich

2

in r-process calculations predict a nuclear physics fea-
ture away from stability that leads to dynamical rare
earth peak formation, e.g. [41], though the peak is not
always of the correct size and shape to match the so-
lar pattern. Other mass models, e.g. [42], show no such
feature. Carefully-chosen linear combinations of astro-
physical conditions have been shown to improve the fit
to observation [43, 44]. An alternate formation mecha-
nism has been proposed that suggests the rare earth peak
is made up of fission fragments resulting from a vigorous
fission recycling r process [45]. This mechanism hinges
upon a specific distribution of fission daughter products
[46] that is untestable by experiment. Thus, it can only
be supported by indirect evidence, including the elimina-
tion of the dynamical mechanism as a viable alternative.

In this letter, we introduce a new method by which the
nuclear structure features that are necessary to produce
characteristics of the r-process abundance pattern are
determined by a Monte Carlo analysis. We apply this
procedure to the portion of the isotopic solar abundances
that includes the rare earth region, and we search for
a persistent, non-local feature in the mass surface that
leads to dynamical rare earth peak formation matching
the solar pattern.

There are two generic types of thermodynamic condi-
tions that could exist toward the end of the r process.
We define “hot” environments as those where the mate-
rial stays in (n, �) � (�, n) equilibrium until the neutron
number is no longer su�ciently high to maintain this
equilibrium and “cold” environments as those where the
equilibrium is broken because the temperature becomes
too low. A standard supernova neutrino wind is a hot
environment whereas the ejection of material from the
tidal tails of neutron star mergers is both cold and very
neutron rich. We apply our Monte Carlo procedure to
both types of environments.

As few mass measurements currently exist in the re-
gion in which we are interested, we require a theoretical
baseline mass model. For our baseline model, we choose
Duflo-Zuker (DZ) [47] since it has little structure in the
masses away from stability in the rare earth region. To
verify this, we use the DZ mass model to compute neu-
tron capture and beta decay rates and then run a set
of r-process simulations for di↵erent astrophysical condi-
tions. The neutron capture rates are computed using the
Hauser-Feshbach code CoH [48]. For the �-decay rates,
we use the underlying Gamow-Teller �-decay strength
function, i.e. the nuclear matrix element information,
from [49]. We compute the phase space factor to be con-
sistent with the DZ masses, as in Ref. [50]. Our treatment
of fission is largely schematic, as in [51], with spontaneous
fission set to occur for A > 240 and a simple asymmetric
split assumed for the fission daughter product distribu-
tions. This allows us to explore scenarios with fission
recycling where the fission fragments (A ⇠ 130) do not
contribute to rare earth peak formation. Examples of the

FIG. 1: Simulations of the r process with no rare earth peak
in hot (red solid line) and very neutron-rich cold (green dashed
line) conditions compared to the solar r-process residuals from
Ref. [9] (black points).

results of r-process simulations with this set of nuclear
data are shown by the red and green curves in Fig. 1 for
a hot and a cold very neutron-rich scenario, respectively.
As expected the abundance pattern shows no feature in
the rare earth region. This suggests the DZ mass model
is missing the ingredient that leads to dynamical rare
earth peak formation.
Since we have a baseline model without structure in

the rare earth region we are free to determine the missing
component of the mass model which is required to match
the r-process residuals. Previous studies have suggested
that a kink in the separation energies as a function of
neutron number is required [38, 39], but we wish to start
with as little preconceived notion as possible about what
this structure should be. Therefore, instead of choos-
ing a parameterized form for a kink structure, we let an
additional mass term float freely in neutron number, N :

M(Z,N) = MDZ(Z,N) + aNe�(Z�C)2/2f (1)

Here, M(Z,N) is the new mass generated from the base-
line DZ mass, MDZ(Z,N), where Z and N represent the
number of protons and neutrons in the nucleus. The aN
are coe�cients, one for each set of isotones with neutron
number, spanning the range from 95 to 115. For a given
neutron number, aN controls the overall magnitude and
sign of the change to the base model. The parameter C
controls the center of the strength in proton number, and
f sets the fall o↵ the strength in Z. The latter we keep
fixed at f = 40 because we are looking for a persistent
feature in the mass surface.
We now proceed to determine the aN s and C using the

mass modification parameterization:

Mumpower, McLaughlin, Surman, Steiner 2016

deducing r-process conditions from abundance 
pattern details: the rare earth peak
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hot, (n,g)-(g,n) 
equilibrium

cold, very 
neutron-rich

Mumpower, McLaughlin, Surman, Steiner 2016

2

in r-process calculations predict a nuclear physics fea-
ture away from stability that leads to dynamical rare
earth peak formation, e.g. [41], though the peak is not
always of the correct size and shape to match the so-
lar pattern. Other mass models, e.g. [42], show no such
feature. Carefully-chosen linear combinations of astro-
physical conditions have been shown to improve the fit
to observation [43, 44]. An alternate formation mecha-
nism has been proposed that suggests the rare earth peak
is made up of fission fragments resulting from a vigorous
fission recycling r process [45]. This mechanism hinges
upon a specific distribution of fission daughter products
[46] that is untestable by experiment. Thus, it can only
be supported by indirect evidence, including the elimina-
tion of the dynamical mechanism as a viable alternative.

In this letter, we introduce a new method by which the
nuclear structure features that are necessary to produce
characteristics of the r-process abundance pattern are
determined by a Monte Carlo analysis. We apply this
procedure to the portion of the isotopic solar abundances
that includes the rare earth region, and we search for
a persistent, non-local feature in the mass surface that
leads to dynamical rare earth peak formation matching
the solar pattern.

There are two generic types of thermodynamic condi-
tions that could exist toward the end of the r process.
We define “hot” environments as those where the mate-
rial stays in (n, �) � (�, n) equilibrium until the neutron
number is no longer su�ciently high to maintain this
equilibrium and “cold” environments as those where the
equilibrium is broken because the temperature becomes
too low. A standard supernova neutrino wind is a hot
environment whereas the ejection of material from the
tidal tails of neutron star mergers is both cold and very
neutron rich. We apply our Monte Carlo procedure to
both types of environments.

As few mass measurements currently exist in the re-
gion in which we are interested, we require a theoretical
baseline mass model. For our baseline model, we choose
Duflo-Zuker (DZ) [47] since it has little structure in the
masses away from stability in the rare earth region. To
verify this, we use the DZ mass model to compute neu-
tron capture and beta decay rates and then run a set
of r-process simulations for di↵erent astrophysical condi-
tions. The neutron capture rates are computed using the
Hauser-Feshbach code CoH [48]. For the �-decay rates,
we use the underlying Gamow-Teller �-decay strength
function, i.e. the nuclear matrix element information,
from [49]. We compute the phase space factor to be con-
sistent with the DZ masses, as in Ref. [50]. Our treatment
of fission is largely schematic, as in [51], with spontaneous
fission set to occur for A > 240 and a simple asymmetric
split assumed for the fission daughter product distribu-
tions. This allows us to explore scenarios with fission
recycling where the fission fragments (A ⇠ 130) do not
contribute to rare earth peak formation. Examples of the

FIG. 1: Simulations of the r process with no rare earth peak
in hot (red solid line) and very neutron-rich cold (green dashed
line) conditions compared to the solar r-process residuals from
Ref. [9] (black points).

results of r-process simulations with this set of nuclear
data are shown by the red and green curves in Fig. 1 for
a hot and a cold very neutron-rich scenario, respectively.
As expected the abundance pattern shows no feature in
the rare earth region. This suggests the DZ mass model
is missing the ingredient that leads to dynamical rare
earth peak formation.
Since we have a baseline model without structure in

the rare earth region we are free to determine the missing
component of the mass model which is required to match
the r-process residuals. Previous studies have suggested
that a kink in the separation energies as a function of
neutron number is required [38, 39], but we wish to start
with as little preconceived notion as possible about what
this structure should be. Therefore, instead of choos-
ing a parameterized form for a kink structure, we let an
additional mass term float freely in neutron number, N :

M(Z,N) = MDZ(Z,N) + aNe�(Z�C)2/2f (1)

Here, M(Z,N) is the new mass generated from the base-
line DZ mass, MDZ(Z,N), where Z and N represent the
number of protons and neutrons in the nucleus. The aN
are coe�cients, one for each set of isotones with neutron
number, spanning the range from 95 to 115. For a given
neutron number, aN controls the overall magnitude and
sign of the change to the base model. The parameter C
controls the center of the strength in proton number, and
f sets the fall o↵ the strength in Z. The latter we keep
fixed at f = 40 because we are looking for a persistent
feature in the mass surface.
We now proceed to determine the aN s and C using the

mass modification parameterization:

predicted mass trends for the 
Neodymium (Z = 60) isotopic chain

deducing r-process conditions from abundance 
pattern details: the rare earth peak
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updated reverse 
engineering 
calculations

hot, (n,g)-(g,n) equilibrium example

figure by N Vassh
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updated reverse 
engineering 
calculations + new 
CPT measurements

hot, (n,g)-(g,n) equilibrium example

masses from CPT at CARIBU

Orford+2018
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updated reverse engineering calculations + 
new CPT measurements

Orford+ in preparation
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rare earth masses: experimental prospects

Aprahamian+18 arxiv:1809.00703 
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masses
beta-decay rates

beta-delayed neutron emission probabilities
neutron capture rates

fission rates 
fission product distributions

neutrino interaction rates
spallation cross sections

required nuclear data:
fission properties

MÖLLER, SIERK, ICHIKAWA, IWAMOTO, AND MUMPOWER PHYSICAL REVIEW C 91, 024310 (2015)
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FIG. 1. (Color online) Calculated fission-barrier heights for 3282
nuclei. The highly variable structure is mostly due to ground-state
shell effects. Ground-state shell effects are particularly strong in the
deformed regions around 252

100Fm152 and 270
108Hs162 and in the nearly

spherical region near the next doubly magic nuclide postulated to be
at 298

114Fl184. Our strongest shell effects are slightly offset to the left
with respect to this isotope.

ten-digit number, this means that the total data-storage space
needed is 5 000 000 × 10 × 5 000 = 2.5 × 1011 bytes, which
is 250 Gb of storage. When we started this type of calculation
based on millions of shapes in 1999 [2], this was indeed a
problem; now it is not.

II. OTHER FISSION POTENTIAL-ENERGY
CALCULATIONS

In most previous fission studies various schemes were
employed to avoid calculating a complete “hypercube” in
all the deformation variables considered. Such complete
calculations were impractical until computer performance had
evolved sufficiently, roughly achieved around 1995–2000. In

Calculated Fission-Barrier Height (MeV)
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FIG. 2. (Color online) Calculated fission-barrier heights for 2113
nuclei with generally lower proton and neutron numbers than those in
Fig. 1. Because the macroscopic energy contributes the major part of
the fission-barrier height for most nuclei in this region, and because
of the different energy scale compared to Fig. 1, the only shell effects
clearly visible come from the N = 126 spherical neutron shell.

macroscopic-microscopic calculations it was the norm to plot
energies versus two shape variables, for example β2 and
β3 (quadrupole and octupole deformations), and “minimize”
the potential energy with respect to additional multipoles;
typical examples are Refs. [7,8]. Although such approaches
intuitively seem promising, there are significant concerns
about the uniqueness and stability of such results. First,
when minimizations are carried out at a specific location
(β2,β3), what are the starting values of the additional shape
variables over which the minimization is carried out? A trivial
suggestion is that the values obtained for a previous point
be used, but which is the “previous point” will depend upon
the sequence in which the grid points are considered. It is
easy to visualize a surface, even in two dimensions, for which
a different result may be found by approaching a particular
point from opposite directions. Another strategy could be
that the minimizations are started at the value zero of the
additional variables at each point (β2,β3), but these approaches
would miss possible multiple deformed minima. And, even
if found, it would be impossible to display multiple minima
versus the “hidden” shape variables in a two-dimensional
contour plot. Furthermore, none of these methods, which
only access a limited part of the higher-dimensional space,
are guaranteed to find the true saddle points with reasonable
accuracy. In some cases, the saddle solutions will be correct,
but there is no way to mathematically evaluate the possible
errors inside the model framework itself. In many of these
minimization studies points that seem near each other in
the two-dimensional (β2,β3) plots are actually quite distant
in the higher-dimensional space. This is often manifested as
strong discontinuities appearing in published potential-energy
contour diagrams or plots of energy surfaces. Despite these
known deficiencies, these methods are still in routine use
today [9]. However, very recently other groups previously
employing such approximations have come to the conclusion
that the minimization method is deficient, not just in principle
but also in practice. In one recent macroscopic-microscopic
model study, the calculations were carried out for complete
multidimensional “hypercubes” and they confirmed that the
immersion methods we employ are crucial to avoiding spurious
results from the use of minimization. It is stated directly, “This
shows that the minimization is an uncertain method of the
search for saddles . . . ,” in the summary conclusions [10].

Currently, the main alternative approach to macroscopic-
microscopic calculations of fission-barrier potential-energy
surfaces and saddle points is the constrained Hartree-Fock
method introduced in 1973 [11]. Those authors state “One of
the advantages of this type of calculation is that deformation
energy curves can be calculated without making a complete
map of the deformation energy surface.” Another comment
that is often made in connection with determining fission
saddle points is that “constrained self-consistent methods
automatically take all higher shape degrees of freedom into
account.” However, these statements are misleading. Imposing
shape constraints in self-consistent methods is mathemati-
cally equivalent to the use of minimization techniques in
macroscopic-microscopic methods, which we, and now other
groups, have demonstrated are flawed. A detailed discussion is
in Ref. [1]. A very transparent discussion coming from outside

024310-2

Möller+2015

Zhu+2018
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Fission barriers and 254Cf 
production 

Vassh, Vogt, Surman, Randrup, Sprouse, 
Mumpower, Jaffke, Shaw, Holmbeck, Zhu, 

McLaughlin, J Phys G 2019
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summary
Detangling the origins of the heaviest elements via various neutron capture 
processes continues to be a key priority for nuclear astrophysics.

On the nuclear side, Argonne experiments are reaching the increasingly 
neutron-rich nuclei whose properties shape neutron capture nucleosynthesis 
and may provide key insight into the astrophysical sites of production. 

We look forward to advances at CARIBU and the upcoming N=126 factory 
that will facilitate measurements of important masses, beta-decay 
properties, and indirect determinations of neutron capture rates.
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